We report on the role of ester bonds in the enhanced removal of hexavalent chromium from water using cotton fibers coated with chitosan. Adsorption capacities up to five times higher than those of the unmodified fibers were observed when the cotton fibers were exposed to an NaOH, followed by citric acid (0.97 M), and a chitosan solution (2%). We found that the use of NaOH favors the formation of ester bonds over amide bonds on the surface of the cotton fibers. This increase in the surface density of ester bonds generates an increase in the amount of exposed amino groups from the chitosan, hence increasing the removal capacity of the modified fibers. Experimental results also reveal that the adsorption is induced by the electrostatic attraction between the protonated amino groups on the surface and the negatively charged chromium ions in the water. Adsorption isotherms and kinetic studies indicated that the adsorption process fits the Langmuir and the Freundlich isotherm models as well as the pseudo-first and pseudo-second order kinetic models. These results can open a new avenue for the manufacturing of fibers with enhanced removal capacities for hexavalent chromium.
INTRODUCTION
Hexavalent chromium is a highly toxic compound commonly found in wastewater effluents from industrial processes such as electroplating, metal finishing, and leather tanning (Mohan & Pittman ; Mohanty & Patra ) . Oral ingestion of chromium (VI) can produce oral ulcers, diarrhea, abdominal pain, vomiting, and leukocytosis, which makes the removal of chromium (VI) from water an essential public health need (USEPA ). Methodologies aimed at removing chromium and other metals from water streams include chemical precipitation, ion exchange, sorption, membrane filtration, and electrochemical precipitation (Mohan & Pittman ; Owlad et al. ) . Adsorption, one of the preferred methods for the removal of chromium (O' Connell et al. ) , commonly uses activated carbon and biosorbents in a process called biosorption (Reddy et al. ; Feng et al. ) . Biosorbents are adsorbents of biological origin, often composed of lignocellulosic materials that can be chemically modified to increase their removal capacity for metals from water (Wartelle & Marshall ; O' Connell et al. ; Qu et al. ; Feng et al. ; Fomina & Gadd ) .
Cellulose, a well-known biosorbent, is one of the most abundant and renewable polymers (O' Connell et al. ) . Cellulose has a high chemical reactivity due to the high donor activity of its OH groups. Cotton fibers have a cellulose content ranging between 88 and 96% (Zhang ) . Pretreatment of lignocellulosic fibers with dilute NaOH solutions can lead to swelling, hence resulting in an increase in the surface area as well as in a decrease in the degree of polymerization due to disturbances of the lignin structure (Sun & Cheng ) . Materials with low lignin content have shown increased ability to adsorb heavy metals from aqueous solutions when they are pre-treated with NaOH and then exposed to citric acid (Marshall et al. ; Wartelle & Marshall ; Altundogan et al. ) . Modification of cellulose fibers with chitosan has also been proven to increase the ability of cellulose to biosorb metals from aqueous solutions (Zhang et al. ; Qu et al. ; Ferrero et al. ; Wang & Chen ) . Chitosan is a linear semi-crystalline polysaccharide composed of N-acetyl D-glucosamine and D-glucosamine units commonly used in food, cosmetics, biomedical, and pharmaceutical applications (Rinaudo ) . The use of chitosan in water treatment applications has been explored, as chitosan can easily bind to toxic heavy metals such as chromium (Aydın & Aksoy ) . The binding is due to chitosan's amino groups, which can coordinate with the metal ions in the water and form stable complexes (No & Meyers ) .
While , it is not trivial to predict which modification process will improve adsorption potential for a specific ion of interest. Here we investigated the effects of modifying cotton fibers with chitosan via different processes involving the use of NaOH and citric acid. We evaluated the effects of the modification process on the fibers (formation of functional groups, for example), and the subsequent capacity of the modified fibers to remove Cr(VI) from water.
METHODS

Chemical modification of cotton fibers
Cotton fibers were obtained at a local market. Fibers were manually cleaned to remove impurities, boiled in water for 2 hours, and submerged in an aqueous ethanol solution (99.5%) for 2 hours. Clean cotton fibers were modified as shown in the experimental matrix (Table 1) .
Pretreatment with NaOH
In a typical experiment, 8 g of cotton fibers were mixed with NaOH 0.1 M (200 mL) in a 250 mL beaker and mixed at 100 rpm for 1 hour at room temperature (Marshall et al. ) . These fibers were rinsed with DI water until the rinse water had a constant pH. After washing, the fibers were dried in an oven at 50 C for 1 hour.
Modification using citric acid
The specimens were placed in solutions of citric acid at 0.6 M or 0.97 M with a ratio of 1 g/50 mL solution. The 100 mL beakers containing the solutions and the fibers were placed in a shaker (100 rpm) for 1 hour at 90 C.
Fibers were rinsed with DI water until the pH of the rinse water remained constant and then oven dried at 90 C for 1 hour.
Reaction with chitosan
Chitosan solutions at 1% and 2% by weight were prepared by dissolving chitosan (low molecular weight, SigmaAldrich ref. 448669, St. Louis, MO, USA) in a 0.1 M acetic acid solution, under stirring at 500 rpm, room temperature, for one hour. The solutions were stabilized at room temperature for 24 hours after mixing. After stabilization, pretreated cotton fibers (with or without NaOH and with citric acid), about 1 g, were added to 50 mL of the chitosan solution.
The fibers were exposed to the chitosan solution for 24 hours at room temperature, rinsed with DI water and dried at 50 C for one hour.
Fiber characterization
The effect of NaOH, citric acid, and chitosan on the surface chemistry of the fibers was monitored via Fourier transform infrared spectroscopy (FTIR) (Thermo Nicolet AVATAR 380, USA) using KBr pellets. The morphology of the fibers was analyzed by scanning electron microscopy and energy dispersive X-ray spectroscopy using a Leo 1550 Keck FESEM. The surface of the samples was analyzed by X-ray photoelectron spectroscopy using a Surface Science Instruments SSX-100 with an operating pressure of ∼2 × 10 -9 
Point of zero charge
The pH at point zero charge (pH PZC ) of the cotton fibers coated with chitosan was obtained by the solid addition method, using a process previously described by Ofomaja and Ho (Ofomaja & Ho ) . We evaluated solutions with initial pH ranging between 2-12 and plotted the change in pH after 48 hours of equilibration time as a function of the initial pH.
Chromium (VI) adsorption isotherms and kinetic studies
A stock solution of chromium (VI) (500 mg/L) was diluted into 5, 10, 20, 35, and 50 mg/L solutions. To determine the adsorption isotherms, 0.1 g of cotton fibers were placed in 50 mL of the chromium (VI) solutions. The specimens were placed in a shaker at 500 rpm for 2 hours. The cotton fibers were removed from the solutions and the chromium concentration was measured. Initial and final chromium concentrations in solution were measured using a colorimetric technique (Standard Method 3500-Cr B) (Rice et al. ) . Isotherms were evaluated for each experimental condition. Additional kinetic experiments were conducted using the fibers that exhibited better removal rates; we evaluated the kinetic behavior at initial chromium concentrations of 39 and 56 mg/L. The concentration of dissolved chromium in water was measured at 0, 2, 5, 10, 15, 20, 40, 60, 80, 100, and 120 minutes and all the experiments were conducted at 25 C, pH 3. Finally, to assess the effect of pH on the adsorption of chromium, a set of adsorption isotherm experiments were performed following the same conditions described above but varying the pH; the pH levels evaluated were 2, 3, 4, 5 and 6. KOH and HCl were used to adjust the pH.
RESULTS AND DISCUSSION
Fiber modification and characterization
Hydroxyl groups in cellulose can be deprotonated when cellulose is exposed to NaOH. When citric acid is added to cotton fibers pretreated with NaOH, the hydroxyl functional groups of the cellulose react with the carboxylic bonds of the citric acid forming ester bonds ( Figure 1 ). Chitosan has both an amino and a hydroxyl functionality, and therefore is also capable of forming ester bonds with the carboxylic groups of the citric acid. The amino groups in chitosan can be protonated at low pH values, hence creating a positive charge that attracts the negative charges of HCrO 4 À (Chassary et al. ). Alternatively, it is also possible that the amino groups in chitosan and the carboxyl groups in the citric acid could react to form amides (Lusiana et al. ) . This reaction is not a desired outcome since it could reduce the removal of chromium as amides are very weak bases and they can only be protonated at extremely low pH values. The FTIR ( Figure 2 ) spectra shown in Figure 2 illustrates a classic spectrum for unmodified cellulose (Oh et al. ) . The absorption peaks around 3,300 cm À1 , result from O-H stretching and the ones around 2,900 cm À1 result from C-H stretching (Lan et al. ) . The small dent at 897 cm À1 is associated with the glyosidic C1-H deformation with a ring vibration contribution, which is characteristic of glyosidic linkages between glucose in cellulose. The bend around 1,030 cm À1 is associated with the C-O-C pyranose ring skeletal vibration. As the presence of all these peaks is evident for all specimens, our results indicate that the chemical modification using NaOH, citric acid, and chitosan did not deteriorate the cellulose backbone. The samples modified with citric acid and chitosan show peaks around 1,710 cm À1 that are consistent with the presence of carboxylic acid groups incorporated to the cellulose chains after the esterification reaction (see Figure 1 ). However, there are two interesting differences between these two samples. First, the sample that did not receive an alkaline bath shows a peak around 1,560 cm À1 , characteristic of the formation of amides (N-H in-plane bending on amide and N-C stretching vibration of a -CO-NH-group)(Kwon & Leckie ; Tang et al. ). This amide peak at 1,560 cm À1 is not observed in the sample that was treated with NaOH prior to treatment with citric acid and chitosan. Second, the fibers that did receive an alkaline bath prior to treatment with citric acid show a peak at 1,202 cm À1 , indicating the presence of ester bonds (stretching vibration of C ¼ O and C-O-C) (Yang et al. ) . The peak at 1,202 cm À1 cannot be observed in the samples that did not receive the alkaline bath. These results suggest that the alkaline bath appears to promote the formation of ester versus amide bonds when the fibers are exposed to the chitosan solutions.
Forming ester bonds is important, as the chitosan is attached to the modified cotton via its hydroxyl groups hence exposing its amine functional groups for capturing the chromium ions.
We also observed that the chemical modification of the cotton fibers influences their structure and morphology as shown in the FESEM images (Figure 3 ). It can be observed that the fibers that were not exposed to citric acid (Figure 3(b) ) look smoother than the fibers that were. The exposure to citric acid roughens the surface of the cotton (Figure 3(a) , 3(c) and 3(d)).
Biosorption equilibrium
The dominant form of hexavalent chromium at low pH is HCrO 4 À . As the pH is slightly increased, other species, including CrO 4 À2 and Cr 2 O 7 À2 become dominant (Gupta & Babu ) . We hypothesized that the chemical modification of the cotton fibers with NaOH, citric acid and chitosan increased the functional density of amino groups that can be protonated at low pH values, hence increasing the sorption of Cr(VI) ions. This hypothesis was evaluated by comparing the sorption capacities of the different specimens, as shown in Figure 4 . At (initial) pH 3.0, raw cotton fibers reached removal capacities of up to 1.5 mg/g fiber. The addition of chitosan to the fibers treated with NaOH and citric acid (0.97 M) significantly improved their removal capacity -from 5.5 mg/g when using a 1% chitosan solution, and up to 7.5 mg/g when the 2% chitosan solution was used. In all cases, fibers that were pre-treated with NaOH exhibited greater removal capacities than those that were not (Figure 4(b) ). Similarly, for all cases, higher concentrations of citric acid used during the modification process resulted in increased sorption capacity for the modified fibers (Figure 4(c) ). The final pH of the solutions increased for all samples and the greater increases were detected for cases in which more chromium was removed (equivalent to 2.6 × 10 À4 M in [H þ ] at 7.5 mg/g). | Left: FTIR of (i) cotton samples activated with NaOH, (ii) cotton samples exposed to citric acid and chitosan, and (iii) cotton samples exposed to NaOH, citric acid, and chitosan. 
where q is the amount of adsorbate per unit weight of adsorbent (mg/g), k f describes the adsorption density under standard conditions (mg/g)/(mg/g) n , the n exponent (dimensionless) represents the binding strength, and Ce (mg/L) represents the aqueous concentration reached at equilibrium (Freundlich ; Stumm & Morgan ). A value of n ¼ 1 indicates that the binding strength is the same on all sites and a value of n less than 1 indicates that the average binding strength decreases with increasing surface coverage. When n is more than 1 it means that as the surface coverage increases, the affinity of the surface towards the ion also increases (Benjamin ). The best fit of the experimental data to the Freundlich isotherm model was used to predict the values of k f and n as shown in Table 2 . Microsoft Excel was used to calculate R 2 values of the nonlinearized (exponential) function. For the samples treated with a 1% chitosan solution, the values of n were higher in samples that were not exposed to the NaOH pretreatment. This suggests that the affinity for chromium ions increased as the surface coverage increased. In the case of fibers pre-treated with NaOH, the values of n were lower than 1, suggesting that the sorption force decreases as the surface coverage increases. The sorption capacity values (Freundlich constant, k f ) are higher, about one order of magnitude, for the samples pretreated with NaOH than for specimens that that were not. The differences in the n and k f values suggest that NaOH has the largest influence on the sorption capacity of the fibers. The sorption capacity also increases with the concentration of citric acid and concentration of chitosan, and that effect is more evident for the fibers pre-treated with NaOH.
The Langmuir isotherm model assumes that the adsorption sites on a solid get occupied by the solute under a 1:1 stoichiometry (Langmuir ; Stumm & Morgan ). Under this assumption, the Langmuir equation can be expressed as
where C e is the equilibrium concentration of the substance that remains dissolved in water after equilibrium is reached (mg/L), q is the amount of substance adsorbed per gram of adsorbent (mg/g), q max is the maximum adsorption density that can be reached (mg/g), and K ads (L/mg) establishes the affinity of the adsorbent for the adsorbate (Benjamin ). The Langmuir equation was linearized (Tran et al. ) to obtain the best fit values for q max and K ads as shown in Table 2 . In general, the R 2 values of the linearized Langmuir isotherms are high (determined using Microsoft Excel), although they were slightly higher for the Freundlich isotherms, indicating that the chromium adsorption onto cotton fibers follows a monolayer sorption mechanism (Qu et al. ) .
Even though the results presented here are promising and we reached removals of up to 7.5 mg Cr/g at 50 ppm, a previous study had reported higher adsorption capacities for pure chitosan (chitosan flakes), of 22.09 mg Cr/g chitosan at 30 mg Cr/L (Aydın & Aksoy ). Although higher than the removal capacity of our modified fibers, the high costs of pure chitosan (about 10 times more expensive than cotton), could potentially hinder the widespread use of chitosan in its pure form.
Effect of pH on Cr adsorption
Initial pH had a significant effect on the sorption capacity of the fibers as shown in Figure 4(d) . This observation can be the result of two different sorption mechanisms. The first mechanism can be associated with the effect of pH on the dissociation of the functional groups on the fibers as well as its effect on the speciation of chromium ions. The point of zero charge (pH PZC ) of the modified fibers was 6.5, which is slightly higher than that for pure chitosan (pH PZC 4.6 (Igberase et al. )); at pH values below the (pH PZC ), , which are both negatively charged (anions). Also, within this pH range, the amino groups from chitosan (ÀNH 3 þ ) are protonated and therefore attract anionic species (Miretzky & Cirelli ) . We can observe that the sorption capacity decreases as the value of pH increases (Figure 4(d) ), and at pH 6, we observe a reduction in q of about 80% (as we reach the pH PZC ). As the solution's pH increases, the amino groups lose the proton, and the attraction force is therefore reduced. Also, at higher pH values, ÀCOH and ÀCOOH bonds from the fibers can also be deprotonated, resulting in the formation of ÀCO À and ÀCOO À , which are negatively charged. The presence of these groups on the cotton fibers results in a repulsion effect towards the negatively charged chromium ions. At higher pH values, the concentration of OH À ions increases, and now these hydroxyl ions compete for the adsorption sites with the also negatively charged chromium (IV) ions. The second mechanism that can affect the removal of chromium is a process known as 'adsorption-coupled reduction'. Adsorption-coupled reduction is a sorption associated mechanism that occurs during biosorption and takes place only under acidic conditions (Miretzky & Cirelli ) . Because of the high redox potential of Cr(VI), it can act as an electron acceptor, using the cellulosic material as the electron donor (Chen et al. ) . As a result, chromium is reduced to Cr(III). Cr(III) can remain dissolved in the aqueous phase (at very low concentrations) or it can be immobilized on the fibers through the formation of complexes.
We probed the composition of the fibers' surface using X-ray photoelectron spectroscopy (XPS) to investigate if the chromium on the fibers was in its oxidized or reduced form. The binding energy of Cr(VI)/(CrO 4 ) À2 is around 579 eV, while the binding energy of Cr(III)/Cr(OH) 3 is closer to 577.3 eV (Biesinger et al. ) . The XPS results obtained for the chromium removed by the cotton fibers (exposed to NaOH, 0.97 M citric acid and 2% chitosan) at a pH of 3 suggest that the chromium on the fibers is Cr(III), with a binding energy of 577.36 eV. XPS results therefore suggest that adsorption-coupled reduction is involved ( Figure 5 ). However, a high-resolution spectrum for Cr still needs to be conducted to verify this observation. This result suggests there could be interesting benefits of using a fiber such as cotton for the removal of chromium from contaminated water, since cotton has a high number of electron donor groups that can improve the reduction mechanism (Cr(VI) to Cr(III)). Cr(III) did not remain in solution at concentrations above the detection limit of 0.1 mg/L (measured by oxidation of the solution remaining after the fibers were removed from the flasks with hydrogen peroxide). An XPS spectra reported in the literature for pure chitosan displayed a similar peak at 400 eV that required two peaks for the curve fit; one at 399.4 and 400.5 eV, which corresponded to amine and amide respectively (Lawrie et al. ) , suggesting the presence of both amide and amino functional groups in the fibers.
The fact that using higher concentrations of chitosan increases the removal of chromium, and that the presence of the amino and not the amide functional group also increases the removal, suggests that the nitrogen atom of chitosan, positively charged at low pH, increases the Cotton specimen was chemically modified using NaOH, 0.97M citric acid and 2% chitosan. removal capacity of the cotton fiber. Once chromium is attracted to the fibers by the positive charge of the nitrogen atom, the second mechanism takes place, reducing Cr(VI) to Cr(III), which forms a complex with electron donor functional groups available on the fibers. Our results show that a combination of both mechanisms is indeed occurring.
Kinetic experiments
Using initial aqueous concentrations of 56 and 39 mg/L Cr(VI), we evaluated the effect of contact time on the biosorption process. We noted that the amount of chromium sorbed by the cotton samples pretreated with NaOH followed by baths of citric acid (0.97 M), and chitosan (2%) solutions, at a pH of 3, increases with contact time. The time required to reach equilibrium increased with higher initial concentrations of chromium. During the first 40 minutes, a fast removal can be observed, which probably results from strong electrostatic forces between the chromium ions and the surface of the modified fibers ( Figure 6 ). The remaining removal is slower, probably because the number of surface sites available for adsorption decreases with time, and the remaining surface sites are more difficult to be occupied because of the repulsion and steric effects caused by the adsorbate molecules now present on the surface (Ahmad & Alrozi ) .
Mathematical models are commonly used to describe adsorption kinetics. For example, the Lagergren equation is known as the pseudo first order kinetic model and it is used to describe adsorption kinetics in a solid-liquid system based on solid capacity (Lagergren ; Özacar & Sengil ; Ünlü & Ersoz ) log q e À q t ð Þ¼log q e À k 1 2:303 t where q e is the equilibrium concentration reached experimentally, q t is the amount of solute adsorbed at time t, and k 1 is the rate constant (1/min). Plots of log(q e À q t ) as a function of t usually yield a straight line, from which the rate constant can be calculated. A second model commonly used to describe sorption kinetics is the pseudo second order model, which can be expressed as Results of the best fit of our experimental data to these two models are shown in Table 3 . It can be observed that the adsorption kinetics can be well described by both the pseudo-first and the pseudo-second order kinetic models. However, the pseudo-first order kinetic model tends to overestimate the equilibrium concentrations observed experimentally, and has lower R 2 values (Table 3) . We also evaluated the Elovich kinetic model (Tran et al. ) , but R 2 values were smaller than those for the pseudo-first and the pseudo-second order models (data not shown). Similar results have been reported for pure chitosan flakes (Aydın & Aksoy ).
CONCLUSIONS
We determined that the pre-treatment of the cotton fibers with NaOH bath has the most significant effect on the sorption capacity, as it affects the mechanism by which the chitosan attaches to the cotton fibers. When the NaOH pre-treatment is used, the coupling reaction between chitosan and the acidified cotton fibers is more likely to form esters than amide bonds. As the ester bonds form, the amino groups of chitosan become exposed and available to interact with chromium ions. At low pH values, the amino group is protonated (positively charged), hence attracts the negatively charged chromium ions. Once the chromium reaches the modified cotton fibers, it is likely reduced to Cr(III), forming a complex with the cotton fibers. The electrostatic attraction of the negatively charged chromium ions by the positively charged nitrogen atom appears key to reaching adsorption equilibrium of the system in less than two hours. The Freundlich and the Langmuir isotherm models described the process well, suggesting that the chromium adsorption onto cotton fibers depends on the saturation level of a monolayer of adsorbate molecules on the cotton surface. The kinetic study showed that both the pseudo-first and the pseudo-second order kinetic models fit experimental data with good agreement. Further analyses need to be conducted to evaluate the effects of adsorbent dosage and chromium concentration.
